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Keywords Chronic disease treatment Á Medication adherence Á Episodic memory Á Neuropsychological assessment Á Review Poor adherence is a serious threat to the success of longterm therapies for chronic disease (Dunbar-Jacob et al., 2000) . In developed countries, an estimated 50% of patients suffering from chronic conditions like asthma, hypertension, diabetes and HIV/AIDS do not comply with regimens as prescribed (Sabaté, 2003) . Suboptimal adherence can be associated with increased morbidity and mortality, poorer clinical outcomes, reduced quality of life, and higher long-term health costs, including hospitalizations and physician consultation (Osterberg & Blaschke, 2005) . Many factors influence medication adherence, including patient characteristics, such as psychiatric conditions and beliefs; social and economic circumstances, for instance family support and access to health care; disease and treatment characteristics, including whether the disease is chronic or acute and the medication side-effect profile; and attributes of the health care system and service delivery, such as the doctor-patient relationship (Sabaté, 2003) .
One patient characteristic that has received considerable attention is neurocognitive impairment, which a growing literature suggests increases the risk of non-adherence. Impairments in the domains of episodic memory, executive functions, and information processing speed have all been linked to lower rates of adherence. For example, Hinkin et al. (2002) identified a twofold greater likelihood of nonadherence among HIV-infected participants who were neurocognitively impaired as compared to unimpaired people living with HIV. While these relationships are statistically significant and independent of psychiatric factors and disease severity, the associated small-to-medium effect sizes might suggest that standard clinical tests do not detect the full range of adherence-related neurocognitive deficits and that the predictive power of cognitive factors may yet be improved. Moreover, it may be argued that standard neurocognitive tests, many of which were developed not for research purposes but to detect clinical conditions, are limited in the extent to which they can directly inform theory-driven intervention strategies to promote medication adherence.
Researchers and clinicians might therefore benefit from the identification of novel cognitive predictors of adherence that can inform treatment recommendations. While no predictor alone explains the complex set of behaviors involved in adherence, emerging evidence suggests that prospective memory could represent an important piece of the puzzle. Prospective memory is defined as the neurocognitive capacity to successfully form, maintain, and execute an intention at a particular point in the future in response to a specific cue. Simply stated, prospective memory describes one's ability to remember to do something at a later time. Examples of prospective memory include remembering to deliver a message to a friend, remembering to pay the monthly household bills, and, particularly pertinent to health researchers, remembering to take one's medications. In this review, we aim to orient health researchers to the construct of prospective memory, summarize and critique the empirical evidence for prospective memory as a risk factor for medication nonadherence, discuss the relative merits of current measurement techniques, and highlight prospective memoryfocused intervention strategies that may be particularly fruitful targets for future program development and research.
Theoretical framework for prospective memory
The concept of memory for intentions can be traced back to Freud's essays on psychopathology of everyday life (Freud, 1965) ; however, the modern cognitive construct of prospective memory was not subject to empirical investigation until the early 1970s and did not readily capture the imagination of cognitive psychologists until the publication of Einstein and McDaniel's (1990) influential paper on prospective memory and aging. Current conceptual models of prospective memory place this construct broadly in the realm of episodic memory, which is an aspect of declarative memory involving the conscious recollection of events. Within this framework, prospective memory is contrasted with retrospective memory, which describes the ability to recall events from the past when explicitly prompted. Most standard clinical tests of memory are retrospective memory tasks that involve learning and recall of word lists, brief written passages, or figures, and these represent the bulk of tasks used in clinical research on the possible role of memory in medication non-adherence. Importantly, prospective memory and retrospective memory are theorized to be singly dissociable, such that retrospective memory is a necessary but insufficient condition for successful prospective memory (Kliegel et al., 2008) . Evidence for their dissociability comes from neurocognitive (Gupta et al., 2010; Salthouse et al., 2004) ; neurobiological ; and everyday functioning (Woods et al., 2008a) studies showing these constructs are separable, albeit related. Neuroimaging research to date suggests that prospective memory is primarily dependent on prefrontal systems, such as Brodmann's area 10 (Kliegel et al., 2008; Simons et al., 2006) and the dorsolateral prefrontal cortex, which may reflect the contribution of executive functions such as planning and cognitive flexibility. Prospective memory also relies on the integrity of the medial temporal lobe, specifically the hippocampal formation, which is critical to the retrospective memory encoding and consolidation aspects of prospective memory West, 2008) . Figure 1 displays a broad conceptual model of the component processes of prospective memory adapted from numerous sources Kliegel et al., 2008) . The first stage of the model involves the formation or encoding of the intention that is tied to a specific cue, which may involve either the passage of time (e.g., ''I will take my medication every 4 h.'') or a specific event (e.g., ''I will take my medications after dinner.''). Relative to other components of prospective memory, the encoding Fig. 1 Conceptual model of the component processes of prospective memory phase has received considerably less attention . It is thought to involve generation of an action plan, organization, and binding of the cue-intention pairing. Several factors can influence the robustness of the cue-intention pairing, including their semantic relatedness Woods et al., 2010) .
The second phase is the delay between the formation of the intention and the occasion for its execution, which can range from several minutes to weeks. Attention is directed toward competing ongoing activities during the delay period, which prevent active continuous rehearsal of the cue-intention pairing, thereby separating the construct of prospective memory from traditional models of working memory (Baddeley, 2003) . Although controversy exists regarding the primacy of strategic versus automatic processing (see Smith, 2008) , monitoring the environment for cues during this delay period may be evidenced in both automatic/spontaneous processes and strategic ones, such as purposeful clock-checking behavior (McDaniel & Einstein, 2000) .
The model's third stage requires the accurate detection and recognition of the cue and the self-initiated retrieval of the corresponding intention. This stage is widely considered the defining feature of prospective memory as it differentiates the construct from retrospective memory in which retrieval is based on an explicit prompt. Several features of the cue itself can influence detection and recognition (McDaniel & Einstein, 2000) , including its salience (distinctive cues are more effective), centrality to the ongoing task (focal cues are more easily detected and recognized), and association with the intention (semantic relatedness is facilitative). Another important feature of the cue is whether it requires detecting the passage of time or the occurrence of an event. Generally speaking, time-based cues are more difficult to detect as they place greater demands on strategic monitoring (e.g., time estimation and retrieval processes), which are primarily supported by prefronto-striatal systems (McDaniel et al., 1999) . Eventbased tasks, on the other hand, are largely held to involve more automatic or spontaneous retrieval processes.
The final two stages of the component process model of prospective memory are the recollection and execution of the intention. The content of the intention is recalled from retrospective memory, which as noted is an essential element of successful prospective memory. The accuracy of the search and retrieval of the intention from retrospective memory at this stage may be affected by the complexity of its content, including the volume of information to be retrieved; its relationship to concurrently held intentions; and the number of competing intentions presently ''online'' (i.e., cognitive load). The execution of the intention, on the other hand, may be viewed as a relatively automatic process, at least in the absence of gross neurological deficits such as apraxia or aphasia. Once executed, the accuracy and completeness of the realized intention is evaluated (Cuttler & Graf, 2007) , which is a particularly salient feature of tasks that occur repeatedly and according to a relatively established schedule (i.e., ''habitual prospective memory''). This is arguably the case with adherence to many medication regimens ).
For over a decade, researchers have pondered whether prospective memory might represent an important component of medication adherence (Ellis, 1998; Park & Kidder, 1996) , yet only a very few empirical studies have examined this fundamental question. We summarize and critique these studies below, the central concern of which is whether self-reported or performance-based prospective memory operates as a meaningful predictor of non-adherence. The section is organized according to the chronic disease context in which the research was conducted.
(Please see the ''Measurement'' section for descriptions of some of the assessment instruments referenced here.)
Empirical data on prospective memory and medication adherence
HIV/AIDS
The majority of studies investigating prospective memory and adherence have been conducted in the context of HIV disease. Building on research showing that HIV-associated neurocognitive impairment is associated with increasing risk of non-adherence to antiretroviral medication (Hinkin et al., 2002) , Woods and colleagues conducted a series of studies to determine whether prospective memory accounted for non-adherence behavior independently of known neurocognitive and other predictors. In the first of these studies to focus exclusively on medication taking (Woods et al., 2008b) , 87 HIV-positive adults were administered the laboratory-based Memory for Intentions Screening Test (Raskin, 2004 ) and a self-report measure of prospective memory (Prospective and Retrospective Memory Questionnaire; Smith et al., 2000) . (A previous study evaluated prospective memory effects on instrumental activities of daily living, including a single item on medication adherence [Woods et al. 2008a] .) Participants also completed a self-reported measure of medication management. Hierarchical regression analyses indicated that objective and self-reported measures of prospective memory together explained unique variance in medication management after accounting for demographic, psychiatric, psychosocial and environmental, and other cognitive factors known to predict adherence (DR 2 s = 0.37, 0.16, 0.06, 0.30, respectively). Conceptually, the observed pattern of prospective memory errors (i.e., omission or no-response errors) suggested that monitoring, cue detection, and possibly retrieval processes were more strongly related to failures of adherence than encoding or consolidation.
Although this was the first study to provide evidence for the incremental ecological validity of prospective memory in the context of medication adherence, the design was limited by an exclusive reliance on a self-report measure of medication adherence. In general, self-reported antiretroviral adherence estimates can be inflated by as much as 20% compared to electronic drug monitoring measures (Arnsten et al., 2001; Pearson et al., 2007; Wagner & Miller, 2004) . Also, the measure of medication management tapped individuals' beliefs about medication taking and therefore may not necessarily have reflected actual adherence (Woods et al., 2007a) . Moreover, this assessment measured beliefs about medications in general rather than those specifically regarding antiretroviral therapies, which may involve barriers not necessarily germane to other medication regimens, such as regimen complexity and stigma.
These limitations were addressed in a subsequent study using an electronic medication event monitoring system to measure medication adherence (Woods et al., 2009 ). Participants (N = 79) were classified as adherent ([90% correct doses) or non-adherent using the medication event monitoring system data and compared on laboratory and self-report measures of prospective memory, as well as neuropsychological, psychiatric, and psychosocial characteristics. Non-adherent individuals demonstrated worse prospective memory than adherent patients (Cohen's d = -0.54), and the loss-of-time error profile, wherein participants executed a correct intention but at the wrong time, reflected difficulties monitoring time concurrently with an ongoing task (Cohen's d = 0.69). Those committing errors on the laboratory measure of prospective memory were almost six times more likely to be classified as non-adherent than those with no errors. Follow-up logistical regression analyses indicated that impaired prospective memory performance was a unique and independent predictor of non-adherence relative to disease characteristics and other known neurocognitive and psychosocial predictors of adherence, such as depression and global cognitive impairment. That the strongest relationships between HIV-associated prospective memory impairment and medication management were observed for time-based trials converged with earlier evidence suggesting that HIV-associated prospective memory deficits arise more from problems monitoring the environment for cues during distracting activity and retrieving the appropriate intention in a timely manner than with consolidation of the intention in long-term memory (Woods et al., 2008a, b; Carey et al., 2006) . Contrary to previous findings (Woods et al., 2008b) , neither self-reported prospective memory nor the seminaturalistic performance-based prospective memory trial (for which participants were instructed to telephone researchers before 24 h elapsed) predicted adherence. The authors suggested that the medication event monitoring system assessment may have been more sensitive to actual adherence behavior than self-report, which may have been associated with self-reported medication management in the previous study merely due to shared-method variance. On the other hand, medication event monitoring systemmeasured adherence was documented for only 4 weeks, perhaps not long enough to capture important trends in behavior such as drug holidays and weekly non-adherence patterns that would more accurately reflect actual adherence. External validity was limited because active drug users were excluded and the sample was predominantly male. Findings nevertheless showed that HIV-associated prospective memory impairment was independently and strongly correlated with the risk of objectively measured non-adherence to antiretroviral medication. Contardo et al. (2009) were the first to measure the effects of prospective memory on HIV medication adherence while controlling for current substance use. Substance abuse is highly prevalent among people living with HIV (Berg et al., 2007) and has emerged as a reliable risk factor for antiretroviral non-adherence (Hendershot et al., 2009 ). Moreover, time-based prospective memory has been shown to predict risky sexual and injection practices among substance-dependent HIV-infected and uninfected adults . As in the Woods et al. study (2009) , medication adherence was measured using medication event monitoring procedures and prospective memory using the Memory for Intentions Screening Test (N = 97). Factor loadings indicated that the Memory for Intentions Screening Test captured unique variance in cognitive processing relative to executive function and verbal learning, accounting for almost 50% of the variance in neuropsychological performance. A factor derived from several subscales, including 15-min recall, event-based performance, and action responses, was the only one of the four retained neuropsychological factors to correlate significantly with adherence (r = 0.23). In contrast to findings from Woods et al. (2009) , event-based task performance was associated with adherence whereas time-based performance was not. Other studies have reported conflicting findings on this point, possibly due to psychometric inequities between the measurement of time-based versus event-based prospective memory (e.g., Martin et al., 2007) or small sample sizes Martin et al., 2007) . One reason for the discrepancy here might be that the participant groups in the two studies differed in ways that affected the nature of the relationship between prospective memory and adherence. That is, while the link between substance use and medication adherence is well documented (Hendershot et al., 2009) , less explicit are the relationships among substance use and time-based versus event-based processes. Just as disease-or agerelated cognitive compromise appears to differentially impact time-versus event-based prospective memory (e.g., Raskin et al., 2010) , substance use may differentially impact the two in unexpected and unmeasured ways, confounding any observed effects of prospective memory on adherence. On the other hand, making a distinction between time-and event-based processes per se may be less explanatory than accounting for the cognitive complexity of time-versus event-based cues (Henry et al., 2004) . For although timebased tasks appear to place a greater emphasis on selfinitiated monitoring and retrieval than do event-based tasks (Einstein & McDaniel, 1990) , the difficulty level of some event-based tasks, including of the ongoing activities, may place demands on strategic aspects of monitoring (Foster et al., 2009 ) and retrieval (Kliegel et al., 2008) that are comparable to those observed during time-based tasks.
Because no diagnostic information was provided clarifying the extent of substance dependence in this sample (self-report assessments indicated 39% used cocaine in the preceding 30 days and 17% used alcohol to intoxication), it is unclear whether prospective memory would similarly account for adherence behavior in other samples of HIVpositive substance users. In addition, error scores from the Memory for Intentions Screening Test were not reported, complicating comparisons to results from other studies. Error scores may provide insight into the cognitive mechanisms driving prospective memory performance. Errors may be coded as ''no response'' (i.e., omission); task substitutions (e.g., replacement of a verbal response with an action or vice versa); loss of content (e.g., acknowledgment that a response is required to a cue but failure to recall the content); and loss of time (i.e., performing the intention later than intended after the target cue). Any of these may be recorded during any of the eight different Memory for Intentions Screening Test trials, each of which measures a unique combination of time-or event-based prospective memory, a 2-or 15-min delay period, and a verbal or behavioral response. These data enable the development of hypotheses regarding specific sources of prospective memory failures (e.g., Woods et al., 2009 ); for instance, omission errors are thought to represent a failure of cue detection and are considered to be a ''true'' prospective memory failure (e.g., Raskin et al., 2010) . Task substitution errors (e.g., intrusions and perseverations) are presumed to reflect deficits in executive control and/or retrospective memory (e.g., Carey et al., 2006) . Retrospective memory failure is possibly responsible for loss of content errors, and loss of time errors seem to be due to difficulty with strategic monitoring, time estimation, or impulsivity. When reported, this information provides an important opportunity for more finely tuned comparisons of prospective memory performance across studies.
Nevertheless, the fact that an association emerged between prospective memory and medication adherence despite the potentially confounding effects of substance use provided further support for the external validity of the relationship between prospective memory and non-adherence. Most recently, Zogg et al. (2010) demonstrated that the Memory for Intentions Screening Test summary score was the sole predictor of a naturalistic measure of compliance with general medical instructions after controlling for a host of potential confounders (X 2 = 6.1, P = 0.01).
Rheumatoid arthritis
The first empirical study to evaluate the relationship between prospective memory and medication adherence was conducted in the context of rheumatoid arthritis. Hertzog et al. (2000) analyzed data from a larger study with 121 adult patients to determine whether self-reported memory complaints, including those related to prospective memory, were valid indicators of medication non-adherence. The Memory Functioning Questionnaire Frequency of Forgetting Scale-Prospective was used to measure prospective memory, and adherence was assessed both by medication event monitoring and self-report. The Memory Functioning Questionnaire prospective memory scale correlated with each of two self-reported adherence items (rs = -0.20 and -0.29) but not with objective adherence as measured using medication event monitoring. A performance-based semi-naturalistic measure of prospective memory (telephoning and leaving a message with an answering service every day for 7 days) was unrelated to either self-report or objective measures of adherence. A latent factor summarizing self-reported prospective memory, retrospective memory, and working memory correlated 0.17 with objectively measured adherence, but this ''memory complaint'' factor was not modeled as a predictor of adherence in a structural equation model because it was more strongly correlated with free recall and depressive affect (squared multiple correlation = 0.33). More central to the point of this study, results suggested that patient reports of memory deficiencies specific to medication adherence (but not to general memory for future intentions such as assessed with the Memory Functioning Questionnaire) were likely to reflect actual adherence deficiency and should therefore be considered clinically relevant. Importantly, prospective memory per se was not the focus of this study, nor was there reason to expect impairment in prospective memory as a result of rheumatoid arthritis. As discussed in more detail below, deficits in prospective memory are more likely in conditions that affect the central nervous system (especially prefrontal systems) and therefore might show stronger associations with non-adherence. The Memory Functioning Questionnaire is furthermore not a performance-based measure, and no information concerning its ecological or criterion-related validity as a measure of prospective memory was provided. At least for the purposes of this review, this is of particular concern considering that none of the items used to measure prospective memory specifically queried self-reported memory for intentions to take prescribed medications. Instead, they were concerned with respondents' complaints about their ability generally to remember to do things in the future (e.g., remember birthdays). Indeed, as indicated by the subheading ''Metamemory'' given in the paper for the items taken from the Memory Functioning Questionnaire to measure prospective memory, the items more likely measured respondents' perceptions of their tendency toward prospective memory failures rather than actual prospective memory failures. As described more fully below, there may be a discrepancy for some individuals between actual and expected prospective memory, such that high expectations for future prospective memory performance do not comport with prior evidence of impairment . Finally, the confounding effects of unmeasured variables, such as the use of external memory aids, could not be ruled out for the field-based 7-day call-in task.
Diabetes Vedhara et al. (2004) provided evidence for a relation between medication adherence and habitual prospective memory using data from 48 adults taking medication for Type 2 diabetes. Although by definition habitual memory tasks are performed repeatedly and thus may become relatively automatic over time, they also can introduce the possibility of errors of commission (i.e., ''repetition errors,'' when the intended activity is mistakenly repeated because an individual cannot remember whether it was originally performed) and errors of omission (a dose is missed because it was mistakenly thought to have been taken already). This is a particular challenge and potential hazard for older adults (e.g., Einstein et al., 1998) , who may be more likely than younger adults to have medication prescriptions requiring systematic adherence. Consistent with traditional laboratory approaches to prospective memory measurement, a computer-based paradigm was used in which the memory task was embedded in a cognitively demanding ongoing activity (categorizing words presented on a computer screen into groups). Adherence was assessed using medication event monitoring. Correct execution of the prospective memory task was defined as pressing the space bar 30 s after the beginning of the trial over 20 trials containing 60 word categorization tasks each and implied no errors of omission or commission. Individuals who were more likely to correctly execute the prospective memory task were also more likely to take the correct number of doses (Cohen's d = 0.65) and miss fewer doses (Cohen's d = -0.72) than those who committed at least one error. While the number of omission and of commission errors on the habitual prospective memory task were not per se related to any indicator of medication adherence, results showed that overall prospective memory task performance was, at least as reflected by the total number of errors committed by participants. This is the only study to examine habitual prospective memory, a process likely to be of particular relevance to adherence to some medication regimens. Yet the sample size was small, and considering the high variability observed with both the prospective memory and adherence measures, data may not have represented elderly diabetic people in general. The sole inclusion of elderly individuals also reduced generalizability. Furthermore, the authors did not consider covariates in their analyses, raising the possibility that other important psychiatric, social or environmental predictors of adherence were responsible for the findings.
Summary and limitations
The majority of these studies support the hypothesis that deficits in prospective memory increase the risk of suboptimal medication adherence across various clinical populations, age groups, types of prospective memory tasks (i.e., self-report and objective, time-and event-based), and study designs. The magnitude and reliability of these findings suggest that deficient prospective memory could be an important target for cognitive neurorehabilitation efforts to improve medication adherence. It is important to note, however, that this research has been impeded by several limitations. An over-reliance on self-report and a lack of attention to potentially important confounders has raised questions of response bias and vulnerability to Type 1 error. The presence of an actual intention to adhere to a medication regimen, for instance, has not been explicitly evaluated in the studies reviewed here. An important assumption about the effects of prospective memory is that the individual initially has formed a clear and strong intention, as deficits in prospective memory are unlikely to factor into non-adherence if the individual has no intention of taking a medication. Indeed, this is illustrated in the guiding conceptual framework displayed in Fig. 1, which proposes that the first stage of prospective memory is the actual formation of the intention. It follows that interventions intended to improve prospective memory are likely to have the biggest impact among individuals who are motivated to take their medications and form an intention to do so. This is not inconsistent with attitude-behavior and health behavior models in which intention is a proximal predictor of behavior reflecting motivational components including, in the case of medication adherence, attitudes toward medications, beliefs about its efficacy, beliefs about one's own ability to comply with the regimen (i.e., perceived behavioral control), and the perceived value to important others of adherence (i.e., subjective norms) (cf. Fishbein & Ajzen, 1975; Ajzen, 1985 Ajzen, , 1991 . Accordingly, individuals with strong intentions may be more likely to form more structured and reliable plans for organizing their medication-taking than those who doubt the effects of their medicines or the need to take them.
Yet, as is evident both intuitively and empirically, having an intention to do something does not reliably translate into doing it. This implies that the presence of an intention may be a necessary but not sufficient condition for behavior change. Intention is estimated to account for up to 30% of the variance in social and health behaviors studied prospectively, whereas presumably 100% of participants who agree to change their behavior begin with good intentions (Sheeran & Orbell, 1999) . This raises the possibility that other factors, such as neurocognitive functioning, exert effects on behavior independently of intention or in conjunction with it. Liu and Park (2004) , for example, reported that intention strength was not associated with differences in blood glucose monitoring in elderly adults who either formed implementation intentions or did not, theorizing that automatic cognitive processes rather than intention strength explained differences in behavior. Woods and colleagues (Woods et al., 2008b (Woods et al., , 2009 ) observed that episodic memory, specifically prospective memory, explained unique variance in antiretroviral non-adherence beyond that accounted for by beliefs about one's own ability to comply with the regimen (a motivational variable embodied in the concept of behavioral intention as construed by attitude-behavior models). Hall and colleagues showed that college students who intended to improve their physical activity and diet but who performed relatively worse on tests of executive function were less likely to improve either behavior than were their counterparts with stronger executive functioning. In these studies, executive function/intention interactions predicted physical activity (DR 2 = 0.072) and dietary choice (DR 2 = 0.037) independently of intention (Hall et al., 2008) . Much work underscores the importance of considering the relationships among motivation, intention, and executive function in studies of the effects of prospective memory on non-adherence (e.g., Hall et al., 2006 Hall et al., , 2008 .
Research is also needed to further evaluate the conditions under which intentions are executed spontaneously; that is, without recall of the intention. Convincing evidence supports the view that forming an intention can, under certain circumstances, activate an automatic associative memory process by which retrieval of an intended action is reflexively triggered when an individual encounters a relevant event-based cue, whether or not the person is thinking about the intention at the time (Einstein & McDaniel, 2005 ). An opposing view contends that the only mechanism for intention retrieval is engaging in continuous monitoring of the environment for cues. Whether the individual is aware of it or not, monitoring is set in motion when an intention is formed, putting the person in ''retrieval mode'' until the cue is encountered. Whereas spontaneous retrieval relies only minimally on cognitive capacity, continuous monitoring taxes cognitive resources, such as attention and working memory, at the expense of the ongoing task (Smith, 2003) . This is important because intentions that are retrieved under conditions encouraging spontaneous processing may be easier to execute, particularly for people with already reduced cognitive capacity, such as the elderly or those with conditions involving the central nervous system.
The known influence on adherence of structural factors, such as regimen complexity, homelessness, being busy or away from home, or the unavailability of medications, has yet to be considered in the context of prospective memory. Important social factors are also absent from the literature, for instance the degree of available social support and perceived stigma regarding medication taking. Most study designs are cross-sectional, leaving open the question of whether prospective memory effects persist over time or change relative to other changing influences, including the development of new habits. More fundamentally, the correlational nature of the research does not allow the conclusion that prospective memory impairment per se increases non-adherence, as unknown factors such as those reviewed here instead might have been responsible for impaired performance.
Well-controlled studies of prospective memory necessarily occur in the laboratory, but external validity is at issue if results do not generalize to longer durations of measurement than are possible in the lab. The delay between intention formation and execution, for example, is significantly shorter in laboratory-based designs than would be the case with ''real world'' medication adherence. Also, the nature of the distractions incorporated into labbased prospective memory tests might not in fact approximate the nature of those encountered in daily living. On the other hand, semi-naturalistic assessments, while incorporating longer delay periods and ''real-life'' distractions, are likely to be confounded by unassessed environmental influences, such as participants' use of memory aids and family and social interaction.
Another important avenue for future research is the extent to which limited metacognitive awareness (i.e., a deficit in ''meta-prospective memory'') explains the relationship between HIV-associated prospective memory impairment and medication adherence . Research shows that individuals with HIV infection, for instance, may have high expectations of their future prospective memory performance despite prior evidence of impairment and consequently may not employ compensatory strategies, such as pillboxes (Woods et al., 2007a (Woods et al., , 2008 . The likely complex relationships among discrepancy of expected and actual prospective memory, the use of compensatory strategies, and functional outcomes are yet to be explored.
Finally, participants among whom deficient prospective memory might reasonably be hypothesized are limited to those experiencing conditions known to adversely affect the central nervous system. These include many neuromedical diseases such as HIV infection, cardiovascular disease, hypertension, cancer, and diabetes mellitus; psychiatric conditions including schizophrenia, mood and anxiety disorders, and substance use disorders; and neurological populations, for instance regarding traumatic brain injury, stroke, Parkinson's disease, and multiple sclerosis, in which researchers have already shown-or would predict-evidence of prospective memory impairment (e.g., Katai et al., 2003) . Prospective memory may not be as readily applicable to adherence in the areas of preventive care, such as mammography and pap testing, or lifestyle issues like diet and exercise, unless the population in which these topics were under study included individuals at high risk for impairment, such as older adults. Nevertheless, it is still possible that prospective memory may be relevant to adherence in conditions that are not traditionally associated with neurocognitive impairment; indeed, there is a growing literature regarding the importance of individual differences in executive functions to health behaviors among healthy adults (see Williams et al., 2009) . In fact, it is possible that subtle differences in cognitive functions (e.g., executive and memory processes) in globally unimpaired persons may increase the risk of non-adherence (and other poor health behaviors). A vicious cycle may then ensue in which non-adherence exacerbates disease progression and therefore may further compromise neurocognitive function (e.g., Ettenhofer et al., 2010) . Consideration of subtle individual differences in prospective memory in healthy populations likely requires sensitive assessment tools that are not confounded by ceiling effects and provide sufficient variability in scores.
Measurement
As researchers have begun to identify the mechanisms and functional impact of prospective memory in a variety of clinical and non-clinical populations, assessment has become an important area of inquiry. The most common laboratory measures of prospective memory are variations on a protocol introduced in the seminal paper by Einstein and McDaniel (1990) . Participants are generally presented with a primary, ongoing computerized task (e.g., lexical decision-making), during which they must complete a secondary prospective memory assignment, such as pressing a certain key in response to a stimulus that appears on the computer screen. The parameters of the ongoing task, cue, and intention are manipulated to test specific hypotheses regarding the cognitive mechanisms of prospective memory. Einstein and McDaniel's original paper validated the paradigm in a sample of older adults, and it has since been adapted for use with a variety of clinical groups, as well as children (e.g., Kvavilashvili et al., 2001 ). While such methodology permits flexibility and control that advances basic research in the area, a lack of standardization and normative data have limited its utility for clinical settings. More recently, several clinic-friendly standardized instruments have been developed to assess prospective memory. Here we review the most commonly used self-report and performance-based measures available and provide guidance for their use in research contexts.
Performance-based assessments
The most widely published performance-based instrument is the Memory for Intentions Screening Test (Raskin et al., 2010) , which is now marketed as a proprietary instrument. The 30-min test presents eight trails comprised of either time-based or event-based tasks, verbal or behavioral responses, and delays of either two or 15 min. There is also an optional semi-naturalistic task for which participants are instructed to telephone the researchers no longer than 24 h after the evaluation. High inter-scorer reliability (0.81-0.99) can be achieved (Raskin et al., 2011; Woods et al., 2008c) , and although internal consistency reliability has been poor across the eight trials in healthy adults (a = 0.48-0.73), much better reliability (a = 0.89-0.93) has been observed across the six subscales (Raskin et al., 2011; Woods et al., 2008c) . There are alternate forms of the Memory for Intentions Screening Test, which according to Raskin (2009) have been shown to correlate at 0.89. Evidence of criterion-related validity comes from a strong correlation (0.80) with the items from the Rivermead Behavioral Memory Test measuring prospective memory (Raskin, 2009) . Studies of patients with HIV infection Woods et al., 2007a Woods et al., , 2008 ; Parkinson's disease (Raskin et al., 2011) ; and schizophrenia (Woods et al., 2007b) have consistently shown deficits on the Memory for Intentions Screening Test relative to healthy adults. Several studies demonstrate a link between test performance and adherence behavior (Contardo et al., 2009; Woods et al., 2008a Woods et al., , b, 2009 Zogg et al., 2010) and other everyday functioning outcomes (e.g., Twamley et al., 2008; Woods et al. 2008a ).
The first proprietary standardized measure of prospective memory was the Cambridge Prospective Memory Test (Wilson et al., 2005) , a revised version of which is now available through PsychCorp Assessments. The test takes approximately 25 min to administer and includes both time-based and event-based items interspersed with ongoing tasks. The instructions, prompts, and scoring methodology are highly structured, and test takers are permitted (though not required or encouraged) to use note taking to keep track of tasks, a strategy associated with enhanced performance (Fleming et al., 2009) . Data from 22 participants in the standardization sample who were rated by two examiners demonstrated a strong interrater Pearson r of 0.998, though rater agreement was not calculated. Meanwhile, some evidence of test-retest reliability was found in a sample of 20 participants whose scores correlated 0.64 (Kendall's tau b) when they took the same form of the test twice over a 7-10 day interval, though they exhibited a significant practice effect. The authors have developed parallel forms of the measure, and Wilson et al. (2005) present modest support (from 23 participants) for reliability across forms. However, sample sizes were too small (11-12 per group) to interpret the null results of significance tests between forms. Results of the Cambridge Prospective Memory Test were shown to correlate moderately with scores from the Rivermead Behavioral Memory Test, the only standardized memory test at the time to tap both retrospective memory and prospective memory (Wilson et al., 2005) . Among patients with traumatic brain injuries, Cambridge Prospective Memory Test scores also correlated with length of post-traumatic amnesia and executive function tests (Fleming et al., 2009) .
A novel approach to assessing prospective memory that has amassed a substantial literature is the Virtual Week strategy (Rendell & Craik, 2000) , which does not yet have published normative standards and is not available for purchase. The Virtual Week is organized as a board game, with spaces on the board representing times of day. Players roll dice to move their tokens around the board once for each day of the week and draw cards requiring them to perform time-or event-based tasks. Tasks are also categorized as either regular (such as taking daily medication for a chronic illness) or irregular (such as returning a library book). The original procedure can last over an hour, although more recent variations have reduced the administration time to less than 30 min by including fewer ''days'' (Henry et al., 2007) . Rendell and Henry (2009) report strong internal consistency for the Virtual Week items, ranging from 0.84 to 0.94 in healthy controls to a split-half coefficient of 0.74 in individuals with schizophrenia. They also summarize validity data from several clinical populations, including recreational drug users, patients with schizophrenia, and patients with multiple sclerosis. Although the Virtual Week paradigm was constructed in an effort to maximize ecological validity, Rendell and Craik (2000) noted important differences between scores on their measure and performance on more naturalistic prospective memory tasks. Specifically, they found that older adults demonstrated worse performance than younger participants on the Virtual Week but outperformed the younger group on real-life tasks.
Self-report assessments
In addition to performance-based tasks, there have been efforts to assess prospective memory retrospectively by self-report. The most widely used of these assessments is the Prospective and Retrospective Memory Questionnaire (Smith et al., 2000) . This test was originally developed for work with Alzheimer's disease patients and includes 16 items with a five-point Likert-type response format tapping both time-and event-based phenomena within short-and long-term intervals. Its tripartite hierarchical factor structure has been confirmed in a nonclinical sample, with alpha coefficients for the total scale and the eight-item prospective and retrospective subscales of 0.89, 0.84, and 0.80, respectively (Crawford et al., 2003) . In the original study by Smith et al. (2000) , the measure showed evidence of validity by distinguishing between Alzheimer's patients and their caregivers and documenting hypothesized differences between prospective and retrospective memory complaints. However, the instrument was not completed by Alzheimer's patients themselves but by their caregivers. The Prospective and Retrospective Memory Questionnaire has not correlated well with objective measures when applied to individuals with suspected prospective memory deficits, and scores appear to be significantly impacted by psychological distress (Woods et al., 2007a; Zeintl et al., 2006) .
The Prospective Memory Questionnaire was the first self-report measure available (Hannon et al., 1995) . It was designed using an iterative rational-empirical approach with its 52 items originally derived from rational and theoretical bases. The instrument was refined through repeated empirical testing, including factor analysis. It uses a ninepoint Likert-type response format to tap self-perceived memory performance for long-term episodic, short-term habitual, and internally cued tasks and identifies techniques that individuals use to enhance recall. The instrument has demonstrated strong internal consistency overall, with a coefficient alpha of 0.92, while subscale reliabilities ranged between 0.78 and 0.89 (Hannon et al., 1995) . Two-week test-retest reliability was demonstrated with an r = 0.88 for the overall measure and correlations between 0.64 and 0.88 for the subscales. However, data on the criterionrelated validity of the Prospective Memory Questionnaire have not been as promising; while there were significant correlations between scores and performance on prospective memory tasks, those correlations were modest, and prospective memory task performance was better predicted by both age and tests of attention and concentration.
The Comprehensive Assessment of Prospective Memory contains 39 items tapping both frequency and severity of failures of prospective memory in incidental activities of daily living, such as shopping and preparing meals, as well as basic activities of daily living, such as grooming and personal hygiene. Its internal consistency reliability is good, ranging from 0.79 for the ten-item basic activities of daily living scale to 0.92 for the 23-item incidental activities of daily living scale (Roche et al., 2002) . Chau et al. (2007) published similar findings, reporting 2-week test-retest reliability among 26 participants ranging from 0.74 to 0.77 for the subscales and the overall measure. However, they also showed an unexpectedly positive correlation with age. Moreover, scores on the Comprehensive Assessment of Prospective Memory among patients with brain injuries have not predicted performance on the Cambridge Prospective Memory Test nor the Memory for Intentions Screening Test (Fleming et al., 2009 ). Yet when patients' relatives were asked to report on patients' prospective memory performance using the Comprehensive Assessment of Prospective Memory, their ratings were lower than those of the patients and correlated significantly (0.38-0.46) with patients' scores on the Cambridge Prospective Memory Test and the Memory for Intentions Screening Test.
Methods for prospective memory assessment vary greatly in their costs and benefits to the researcher or clinician. Most performance-based tasks are time consuming (requiring at least one half hour to complete), and proprietary measures require financial investment. Lengthy assessment complete with distracter tasks is necessary to distinguish ''prospective memory proper,'' in which the planned action is recalled to consciousness after an intervening activity, from simple vigilance, in which the planned action is retained in consciousness from its assignment to its completion (Uttl, 2008) . The reliability and validity of performance-based instruments are generally strong enough for research purposes, and in many cases for clinical decision-making. Limiting the clinical utility of some of these measures is their lack of demographically adjusted norms. Research has shown that at least some aspects of prospective memory performance vary substantially with age, education and literacy. Currently, the only instruments with available normative data are the Cambridge Prospective Memory Test, which is normed by age and estimated premorbid IQ, and the Memory for Intentions Screening Test, which is normed by age and education.
Self-report measures are faster to administer and generally available at no cost, qualities attractive to both clinicians and researchers. However, their predictive validity is substantially lower, especially in clinical populations. While the frequency of prospective memory complaints is itself an important target for research, self-report methods seldom correlate with objective methods among patients with prospective memory deficits and are heavily influenced by psychological distress (Woods et al., 2007a) . More promising results have been obtained by asking caregivers or relatives to report on patients' impairments, a strategy better suited to clinical practice. However, even in such cases, associations with empirical measures of prospective memory are moderate at best.
Given the emerging state of the science, it is premature to conclude that performance-based assessment is superior to self-report, but the extant literature in prospective memory (and other cognitive domains, including retrospective memory) generally supports that contention. Further research is needed to develop valid, reliable measures that can be administered feasibly in clinical settings. These efforts are critical to the development of intervention strategies intended to address prospective memory impairment as it relates to treatment non-adherence. Meaningful assessment strategies will enable researchers to identify people at risk for prospective memory-related non-adherence, specify component processes that might be driving deficits, and determine treatment options with the greatest chance of success. Assessment is also important for the development and conduct of randomized controlled clinical trials designed to determine whether prospective memorybased intervention strategies are likely to improve medication adherence.
Implications for intervention strategies
Medication non-adherence is difficult to treat, as evidenced by several meta-analyses showing modest and inconsistent treatment effects that tend not to persist over time or reliably improve clinical outcomes (Amico et al., 2006; Haynes et al., 2007; Simoni et al., 2006) . Considering the incremental ecological validity of prospective memory as a predictor, it is reasonable to hypothesize that prospective memory-based interventions might be an effective means of improving adherence, especially for groups at risk for cognitive impairment (Wilson & Park, 2008) . Findings from research among patients with traumatic brain injury suggest that prospective memory is amendable to targeted intervention efforts, particularly if the component processes of the prospective memory failures in each individual are taken into account (Raskin & Sohlberg, 2009 ). As described above, prospective memory failures may occur at the intention formation stage (i.e., the encoding phase); the delay period between intention formation and cue detection (i.e., the monitoring phase); and the cue detection and self-initiated retrieval stage (i.e., retrieval phase). The next section highlights potentially fruitful prospective memory-based intervention strategies presented according to their relevance to these stages. Although we recognize that there is considerable theoretical debate regarding the independence of these ''stages'' and our clinical capacity to identify and isolate impairment at this level of cognitive resolution, they nevertheless provide a useful heuristic model around which to organize a discussion of possible treatment approaches.
Encoding
A variety of interventions may effectively improve prospective memory at the encoding stage. Faulty encoding may signal deficient organizational and planning abilities or inadequate binding of the cue-intention pairing. One general approach is to create stronger, more salient links in memory between a specific cue (or situation) and an intention McDaniel & Einstein, 2000) . Evidence-based strategies include errorless learning (Clare & Jones, 2008) ; spaced-retrieval techniques Camp et al., 1996) ; and implementation intentions (Gollwitzer & Brandstatter, 1997 ) (see Table 1 for brief descriptions and references). The most frequently researched of these is perhaps implementation intentions, which are self-regulatory plans of action specifying when, where and how to behave in future situations (Gollwitzer & Brandstatter, 1997) . Individuals perform a single, brief cognitive manipulation to link specific cues (times and places) with specific responses (medication ingestion). Responding to a designated cue as intended over time strengthens the cue-response connection until encountering the cue spontaneously leads to the desired behavior. Evidence of effectiveness comes from several areas of health behavior research, including treatment adherence to blood glucose monitoring among aging adults (Liu & Park, 2004) . Other laboratory work suggests that planning during the encoding phase can benefit prospective memory even when the experimenter does not specify plan content and that planning aids may particularly benefit older adults .
Monitoring
A different set of approaches is likely to address prospective memory difficulties during the monitoring stage. This stage is the delay and retention period between the formation and the execution of an intention during which an individual experiences ongoing distraction. Successful prospective memory requires the ability to engage in distracting activities yet disengage periodically to evaluate the environment for appropriate time or event cues while in the meantime keeping an intention activated. More frequent attempts to monitor, such as checking the clock when the task is time-based, result in better prospective memory . Theoretically, inadequate strategic allocation of attentional resources would result in a breakdown of this process . Training in self-regulatory strategies might compensate for this executive dysfunction by enabling individuals to redirect attention or minimize distraction and interruption. Goal management training is one such approach. Individuals complete structured group exercises to learn how to control the effects of distraction and re-direct attention to activities necessary to achieve goals. The laboratory-based approach of goal management training has been effective in patients with traumatic brain injury and may generalize to naturalistic settings (Levine et al., 2000) , where researchers have demonstrated its utility in conjunction with errorless learning and content-free cuing techniques, including the STOP! Paradigm (Fish et al., 2007 ) (see Table 1 ).
Cue detection and retrieval
Several remedial strategies may compensate for deficiencies in the third stage of prospective memory, cue detection and retrieval. Detection of an appropriate cue is theorized to trigger an effortful and controlled search for a stored intention (i.e., self-initiated retrieval). Failure to notice cues and apprehend that related actions are planned may indicate a disorganized or inefficient manner of searching and retrieving information from episodic memory (this part of the process is distinguished from recognizing what needs to be done, which occurs in phase four according to the proposed model) . Research has suggested that reducing self-initiated retrieval demands by increasing the quality of the cue and, therefore, the probability it will be detected may be effective Carey et al., 2006) . Cues that most reliably activate intended action have meaningful associations with intended actions (e.g., a pill bottle to prompt taking medication ), are distinctive enough to attract attention (a pill bottle stored in the silverware drawer rather than in the medicine cabinet), and are centrally located (the silverware drawer is a focus of attention during breakfast time when the pill is to be taken). Furthermore, the use of external cues, such as pillboxes, may maximize habitual memory ability in older adults or others with compromised cognitive capacity by increasing the likelihood of accurately evaluating whether the intended dose already had been taken. Such an approach might help reduce the burden on cognitive capacity of ongoing activity and minimize errors of omission and commission . To the extent that these errors among older adults are due to reduced output monitoring, performance is likely to improve with more complex prospective memory tasks requiring participants' full attention (i.e., ''distinctive motor action ''; McDaniel et al., 2009) .
Electronic devices that prominently notify a patient when to take a medication have been extensively investigated as retrieval cues. For instance, Wilson and colleagues evaluated the use of alphanumeric pagers to prompt routine behaviors among people with memory and executive function deficits in a randomized controlled trial (Wilson et al., 2001 ) (see Table 1 ). Task completion improved up to 75% at eight-week follow-up, and prospective memory improvement was sustained in some patients even after the pager was removed. More elaborate devices delivering timed, detailed messages that variously include dosage, conditions under which the medication should be taken, and other information have also been tested, particularly among people living with HIV. Results from these studies have been mixed ) but appear more promising among participants with known memory impairment (Andrade et al., 2005) . Where electronic devices are not available or are too complicated or invasive, verbal reminders from peers, family, significant others or caregivers may bolster prospective memory. Limited sup- Clare and Jones (2008) Spaced-retrieval techniques Individuals practice repeatedly retrieving an intention with increasingly longer delays between each retrieval effort. An instructor asks the memoryimpaired person to report what he or she is supposed to do that day, and upon receiving an answer (the correct intention), asks again after a specified interval (e.g., 20 s). Camp et al. (1996) , McDaniel and Einstein (2007) Implementation intentions Self-regulatory plans of action specifying when, where, and how to behave in future situations. Individuals perform a single, brief cognitive manipulation to link specific cues (i.e., times and places) with specific responses (medication ingestion).
Gollwitzer and Brandstatter (1997), Liu and Park (2004) Planning aids General planning techniques (e.g., a flow chart) and/or specific planning strategies (e.g., targeting plan content) are provided in the intention formation phase to facilitate delayed realization of intended actions. Kliegel et al. (2007) Goal management training Individuals learn to control the effects of distraction and re-direct attention to goal-directed activities. Through exercises and activities completed in group settings, participants learn goal steps, link them to an intended action, then practice pausing several times per day to monitor and evaluate goal progress. Levine et al. (2000) ''STOP!'' paradigm with goal management training Through goal management training, participants link the cue phrase ''STOP!'' with pausing current activity and reviewing stored goals. Patients receive the content-free phrase as an electronic text message repeatedly and randomly throughout the day. Goal intentions are activated despite a lack of information about the prospective memory task itself.
Fish et al. (2007)
Distinctive motor action Individuals are instructed to take their medications while placing a hand on their head, crossing their arms, or performing some other unusual or silly action. This can mitigate errors of commission observed among older adults during habitual memory tasks by facilitating output monitoring (i.e., by requiring individuals to commit their full attention to the task).
McDaniel et al. (2009)
Electronic reminder devices A pager or other electronic device is programmed to notify a patient when to take medication, in some cases delivering timed, detailed messages that may include dosage, a description of the conditions under which medication should be taken, and other information. Verbal reminders from others Explicit verbal reminders from peers, family, significant others or caregivers. Simoni et al. (2009) Directly observed therapy Family or community members or medically trained personnel directly observe scheduled doses being taken over a period of time. Volmink and Garner (2007) , Goggin et al. (2007) port for this approach comes from studies testing more generalized systems of peer-support in which investigators observed improvement in some measures of HIV medication adherence . Patients with severely impaired prospective memory may benefit from Directly Observed Therapy, wherein family, community members or medically trained personnel directly observe scheduled doses being taken over a period of time.
Leveraging the advantages of social support and peer pressure but also requiring extensive resources, this approach has been effective in improving adherence to tuberculosis treatment (Volmink & Garner, 2007) and, among people living with HIV, appears to be feasible and easily adapted to many settings and target populations (Goggin et al., 2007) . Although Directly Observed Therapy is not informed by prospective memory theory, it nevertheless may reduce the demands on cue detection and retrieval processes and in this way fits the general model. Given the inherent conceptual and logistical complexities in assessing prospective memory, it is recommended that clinicians, clinical researchers and others interested in assessing or addressing prospective memory consult with a neuropsychologist or other cognitive assessment expert for guidance regarding test and methods design, implementation, and interpretation.
Conclusion
A growing body of empirical evidence supports the hypothesis that prospective memory may play an important role in medication adherence when an individual forms an intention to adhere. Particularly compelling are data showing that prospective memory impairment may be associated with medication non-adherence independently of wellestablished risk factors, including standard neurocognitive assessments, psychiatric comorbidities, psychosocial and environmental features, and demographics. Yet despite an emergent literature supporting its ecological validity, prospective memory is rarely assessed in clinic or research settings, even among populations at high risk for impairment. Measurement challenges and time constraints represent formidable obstacles, and research is needed to develop valid, clinic-friendly, standardized measures of self-reported and performance-based prospective memory that are normed on relevant demographics. This work could improve the clinical prediction of non-adherence, an endeavor of potentially critical importance to the delivery of care to groups for whom non-adherence has been directly linked to morbidity and mortality (Bangsberg et al., 2001 (Bangsberg et al., , 2007 . Better assessment may also advance the development of comprehensive, adherence-specific theoretical models that in turn will inform much-needed intervention efforts. Given the growing number of studies identifying impaired prospective memory as an impediment to medication adherence, these will be valuable efforts, furthering our understanding of the role of prospective memory in patient non-adherence and leading to novel ways to treat this pervasive clinical challenge.
